size-controlled synthesis of these Au clusters allows for a variety of size-specific studies [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] such as the bonding and electronic properties 3, [16] [17] [18] [19] [20] . Recent studies on the thiolate stabilized Au clusters indicated their varied core structures such as the icosahedral Au core 7, 12 ,21 the face-centered-cubic (FCC)-like Au core [8] [9] [10] [11] and others 6, 14 . Among these clusters, FCC-like Au clusters attract significant amount of interest because these ultrasmall particles exhibit unexpected core structure of FCC geometry, similar to that of bulk gold. 16, 17, [22] [23] [24] The reported Au 44 (SR) 28 is one of the thiolate protected Au clusters with a FCC-like core structure in the FCC-like series including the well-studied Au 28 (SR) 20 and Au 36 (SR) 24 . 8, 10, 11 In the research of Au clusters, XAS has been found useful to probe the bonding properties of these Au clusters. 3 For instance, the unique structural and electronic properties were found in Au 28 (SR) 20 and Au 36 (SR) 24 clusters by comparing with icosahedral Au clusters, where the small tetrahedral Au 4 units within the gold cores play a very important role in controlling their bonding and electronic properties. 16, 17 Furthermore, based on the results from temperature-dependent X-ray absorption spectroscopy (XAS) experiments, it is interesting to note that a negative thermal expansion was found in the first Au-Au shell in Au 36 (SR) 24 , but not in Au 28 (SR) 20 clusters. 16, 17 However, such studies only focus on individual sizes of Au clusters by comparing the FCC with the icosahedral counterpart. The overall trend of size-dependent bonding in FCC-like "magic series" from the XAS perspective is still unavailable with only two Au clusters (Au 28 (SR) 20 and Au 36 (SR) 24 ).
In this work, we have compared the recently discovered Au 44 (SR) 28 with the other two Au clusters (Au 28 (SR) 20 and Au 36 (SR) 24 ). Based on a multi-shell EXAFS fitting analysis and temperature-dependent XAS measurements, the size-dependent bonding behavior of these D r a f t clusters is discussed herein. This work, together with our previous studies, highlights the bonding trend in the FCC-like magic series.
Experimental Methods
Au 28 (SR) 20 NCs were prepared from the reaction between excess thiol ligands and Au 25 (SR) 18 -precursor at 80 ℃ for 2 hours. 10 Using a similar method, the Au 36 (SR) 24 NCs were prepared from the reaction between excess thiol ligands and Au 38 (SR) 24 precursor at 80 ℃ for more than 12 hours. 11 Unlike the above FCC-like Au NCs, the Au 44 (SR) 28 NCs were synthesized using both routes via a two-step "size focusing" process. In the first step, size-mixed Au x (SR) y NCs were formed from HAuCl 4 precursor (i.e. atoms to clusters). In the second step, the size-mixed NCs were dissolved in toluene and etchant thiol ligands. After reacting at 60 ℃for 24 hours, Au 44 (SR) 28 NCs were produced in high field. 8 All the syntheses The data measured from Au foil can then be used to determine the amplitude reduction factor (S 0 2 = 0.9) as shown in the EXAFS equation, where N is the coordination number, σ 2 is the Debye-Waller factor, ߣ(k) is the photoelectron mean-free path and R is the scattering distance. Scattering amplitude functions (f(k)) and phase-shift functions (ߣ(k)) in the EXAFS equation can be used to simulate specific scattering route by theoretical calculations. Here, the XAS data were collected at both low temperature (LT: 90K) using a helium-cooled cryostat chamber and room temperature (RT: 300K) under ambient conditions.
The XAS data processing and fitting were performed using the WinXAS 3.1 software package 25 and FEFF8.2 computer code 26 . In the refinement process, the amplitude reduction The Au L 3 -edge XANES of Au 28 (SR) 20 , Au 36 (SR) 24 and Au 44 (SR) 28 is first compared in Figure 1 .
Interestingly, when the XANES is closely compared in the overlapped plot in Figure The FT-EXAFS of Au 28 (SR) 20 , Au 36 (SR) 24 and Au 44 (SR) 28 , collected at room and low temperatures (RT and LT), are next plotted in Figure 2 . The most intense peak around 1.9 Å in each spectrum is caused by the Au-S scattering. The intensity of these peaks decreases when their size increases in both RT and LT series. To understand this trend, we calculated the CN D r a f t we can understand that the observed trend for these EXAFS peaks is caused by the decrease Figure 2 . FT-EXAFS of Au 28 (SR) 20 , Au 36 (SR) 24 and Au 44 (SR) 28 at RT and LT. In the comparison, the k-range of 3-11.25 Å −1 was used for all the Au clusters.
of Au-S CNs when the cluster size increases. Furthermore, the small peaks between 2.5 Å and 3.5 Å correspond to Au-Au scattering. The similar patterns of the FT-EXAFS of the three Au clusters at RT and LT indicate a similar local structure for these FCC-like Au clusters. In addition, spectra with lower peak intensity in the Au-Au scattering region are found at RT comparing with the LT data. This is because thermal vibrations at higher temperature lead to a higher degree of thermal disorder, which reduces the EXAFS scattering intensity.
Quantitative information of these scattering shells will be obtained by the refinement of FT-EXAFS in the next section.
EXAFS fitting analysis of Au 44 (SR) 28
D r a f t In order to perform a reliable EXAFS analysis, the bond distance distribution of Au 44 (SR) 28 was first studied based on the reported total structure. 8 Three scattering shells were found, To verify the reliability of the assignment of these three shells, a three shell Au L 3 -edge EXAFS (Au-S, Au-Au 1 , Au-Au 2 ) fit was performed for Au 44 (SR) 28 at LT since the total structure was also previously obtained at LT. 8 Figure 4a) 
The size-dependent trend
In previous studies, the Au-Au shell in Au 28 (SR) 20 appears to be invariant to the temperature change, remaining at around 2.73(2) Å at both LT and RT. 17 Unlike Au 28 (SR) 20 , the Au-Au 1 shell in Au 36 (SR) 24 displays a NTE, that is, the Au-Au distance decreases from and RT (red).
2.746(3) Å to 2.732(4) Å as the temperature increases. 16 Comparing with Au 36 (SR) 24 , Au 44 (SR) 28 shows an even more pronounced NTE in the Au-Au 1 shell. These results are summarized in Figure 5 . Therefore, the change of bond distances in the Au-Au 1 shells shows D r a f t an interesting size-dependent trend for the three Au clusters, that is, the NTE becomes stronger when the size of the Au clusters increases. Au 36 (SR) 24 and then to 83% for Au 44 (SR) 28 (Table 2) . In other words, when the cluster size increases, the Au core exhibits more pronounced defective Au 4 units.
Based on the information in Figure 6 and Table 2 , we proceed to discuss the origin of the observed size-dependent NTE. For the smallest clusters, Au 28 (SR) 20 , the core structure has a perfect Au 4 based structure (i.e. no defect) and thus is the most rigid. Such a rigid core structure will exhibit the least amount of change in bond distance when temperature is varied. In contrast, the cores of larger clusters with a less perfect Au 4 bonding motif, will be less rigid, and thus, more sensitive to temperature change. As a result, larger clusters will exhibit more pronounced temperature-dependent NTE. In this comparative study, Au 44 (SR) 28 was found to have the least rigid core structure, and thus, it exhibits the most pronounced NTE.
The size-dependent NTE trend we observed in FCC-like Au cores is an important finding which may help develop a better understanding of the growth mechanism of Au clusters. In these FCC-like Au clusters, the Au cores grow by the addition of Au 4 units to the two base sets which follow a "double helix" structure. 8 During the growth process, the bonding motif D r a f t 20 and Au 36 (SR) 24 shows an interesting size-dependent trend for the negative thermal expansion behavior of the first-shell Au-Au bonds. Specifically, the Au clusters with larger size exhibit more pronounced negative thermal expansion than the smaller ones. This observation can be understood as an effect 
